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Observations of hysteresis in the annual exchange circulation
of a large microtidal estuary
Steven D. Meyers1, Monica Wilson1, and Mark. E. Luther1
1

College of Marine Science, University of South Florida, St. Petersburg, Florida, USA

Abstract A nonlinear relation between the salinity ﬁeld and the subtidal exchange circulation in the
Tampa Bay estuary is demonstrated using observational data from 1999 to 2011. The data are averaged to
form mean monthly climatological values of total freshwater discharge (Q), axial and vertical salinity gradients, and subtidal vertical shear. Well-known steady state solutions indicate that the exchange circulation
is linearly proportional to the horizontal salinity gradient, assuming a constant vertical eddy viscosity (Aeff ).
The exchange ﬂow is found to be multivalued with respect to the horizontal salinity gradient, forming a hysteresis loop in parameter space that passes through three dynamical regimes. Regime I is relatively dry with
weak salinity gradients and exchange circulation. Regime II is the wet season (June–September) in which all
quantities rapidly increase. In regime III, the exchange ﬂow persists even though Q and the axial salinity gradient are again low. Gradient Richardson numbers and Simpson numbers also form a loop in parameter
space with Ri remaining subcritical (turbulent) until the wet season when Ri rises above criticality (weak vertical mixing) where it remains through the end of regime III. The Simpson number is in a narrow range
around 0.2, indicating that the horizontal salinity gradient is always a driver of the exchange circulation. The
Aeff , estimated from a parameterization of the Richardson number, decreases by almost an order of magnitude from regimes I to II. It remains low during III, indicating that the persistent stratiﬁcation is insulating
the exchange ﬂow from destruction by tidal mixing during this time period.

1. Introduction
Estuaries are semienclosed geographic regions where freshwater mixes with ocean water [Pritchard, 1967].
They are biologically productive and economically important [Barbier et al., 2010] with many marine organisms, including most commercially harvested ﬁsh, depending on estuaries at some point in their life cycle
[McHugh, 1984]. An important component in the maintenance of estuarine ecological health is their ability
to ﬂush excess nutrients and other pollutants through natural mechanisms such as tidal mixing and the subtidal exchange circulation [Geyer and Signell, 1992; Ketchum, 1954; Oliveira and Baptista, 1997]. The latter is
formed from several sources including gravitational instability, tidal straining, surface wind stress, and lateral
(cross-estuary) mixing of momentum. See the review of estuarine dynamics by Geyer and MacCready [2014].
The gravitational component of the exchange ﬂow occurs when freshwater ﬂowing into the estuary at the
head creates a density gradient with the saline ocean water at the mouth. This axial gradient is unstable
and leads to a vertically sheared circulation with fresher water ﬂowing toward the mouth at the surface and
more saline water ﬂowing in at depth, as ﬁrst described by Pritchard [1956] and developed further by others
[Li and O’Donnell, 1997; MacCready, 2004; Rattray and Hansen, 1962].
The classic formulation of the steady state gravitational circulation is a solution to the coupled equations for
axial velocity uðx; z; tÞ and buoyancy bðx; z; t Þ52gbsðx; z; tÞ,
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bt 1ubx 5ðKbz Þz

(1)

ut 52ggx 2zbx 1ðAuz Þz

(2)

Here s is salinity, g is the water elevation, g is gravitational acceleration, x is the along-estuary coordinate, z
is the vertical coordinate, b (7.8 3 1024 kg m23 psu21) is the haline contraction coefﬁcient, and the subscripts denote partial derivatives. Assuming constant effective vertical eddy viscosity AðzÞ5Aeff and no-slip
conditions at the bottom, the analytical solution for the subtidal circulation is u5ug 1uR , a combination of
gravitational overturning and pressure-driven ﬂow:

HYSTERESIS IN TAMPA BAY

2904

Journal of Geophysical Research: Oceans


uðzÞ5UG 28f3 29f2 11 1UR ð1:5f2 21:5Þ

10.1002/2014JC010342

(3)

where f (0 to 21) is the relative depth z=H, UR represents the total river discharge Q divided by the transverse area of the estuary, and H is the water depth. The variable Aeff is a parameterization of turbulent mixing of momentum derived from a Reynolds averaging process [Dyer, 1997]. The second term in (3) is
relatively uniform with depth except near the bottom. The scale of the gravitational circulation is
UG 5

H3 b x
48Aeff

(4)

where bx is assumed a constant after being depth averaged and tidally averaged. UG is a balance between
bx generating horizontal momentum and dissipation represented by Aeff . In the absence of stratiﬁcation,
vertical mixing is relatively large (higher Aeff ) and more easily homogenizes the vertical momentum represented by the gravitational term in (3). One way to represent the inﬂuence of stratiﬁcation on vertical mixing p
is ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the gradientﬃ Richardson number Ri5N2 =ðuTz Þ2 where uTz is the vertical shear of the tidal current and
N5 gq21
0 ð@q=@zÞ is the Brunt-Vaissala frequency, q is density and q0 is a reference density. Vertical mixing
is suppressed when Ri is above its critical value Ricr 5 0.25 [Geyer and Smith, 1987; Richardson, 1920], though
horizontal mixing is undiminished. The ratio of total turbulent kinetic energy to its vertical component is a
measure of anisotropy that occurs when buoyancy inﬂuences the dynamics of turbulent eddies above a certain size [Ozmidov, 1965]. (More generally the term anisotropy applies to any directional asymmetry
between turbulent components as discussed, for instance, by Smyth and Moum [2000] in their numerical
study of stratiﬁed ﬂow subject to a Kelvin-Helmholtz instability.) The value of Ricr is not certain. Nonlinear
studies show Ricr  1 as discussed by Canuto et al. [2001]. In fact, there may be no universal Ricr but rather
0:1 < Ri < 1 represents a transition from isotropic to anisotropic turbulence with some vertical mixing continuing for Ri  1 [Galperin et al., 2007].
Several additional assumptions go into the derivation of (1–4), including no transverse (cross-estuary) variability, no rotational effects (Coriolis parameter f 5 0), no advection of momentum, and tidal averaging
removes all temporal dependence. Consideration of wind stress s in the momentum equation leads to a
similar solution for the wind-driven component of the exchange circulation [Hansen and Rattray, 1965]
uw 5Uw ð124f13f2 Þ

(5)

where Uw 5sH=ð4qAeff Þ. Under these simplifying assumptions, the total exchange circulation is then
ue 5uw 1usips 1ug 1uR , where usips is now described.
The interaction of tidal currents with stratiﬁcation has been shown to generate a strain that results in a subtidal ﬂow similar in structure to, and sometimes surpassing in magnitude, the gravitational circulation
[Burchard and Hetland, 2010; Simpson et al., 1990, 2005]. Tidal currents can create stratiﬁcation as the ebb
tide advects bx seaward further at the surface than at depth. The stratiﬁcation is then reduced as the ﬂood
tide reverses this process or even creates an unstable density proﬁle resulting in strong vertical mixing and
a relatively uniform vertical density proﬁle [Jay and Musiak, 1994]. The net effect is a periodically stratiﬁed
ﬂow with outﬂow at the surface and inﬂow at the bottom. Strong mixing from tidal currents reduces this
‘‘strain-induced periodic stratiﬁcation’’ (SIPS). The relative strength of tidal straining of the density ﬁeld to
turbulent mixing is given by the horizontal Richardson number, aka the Simpson number,
Si5

b x H2
CD UT

(6)

where the bottom drag coefﬁcient CD ﬃ 2:531023 and UT is the magnitude of the tidal velocity. Si is a measure of baroclinic forcing over tidal mixing. Burchard et al. [2011] used Si and the ‘‘unsteadiness parameter’’
Un5xHU21 as control parameters in their exploration of multiple contributors to the exchange circulation
in a numerical model of an idealized estuary. The angular tidal frequency is x and U is the bottom friction
velocity. They found when Si > 0.15, the buoyancy-driven ﬂow and SIPS were large contributors to the
exchange circulation.
Changes in buoyancy and bx in many estuaries varies with river discharge, which is a function of precipitation that contains a wide range of time scales, from hourly to multidecadal [Dai and Wigley, 2000; Enﬁeld
et al., 2001; Groisman and Easterling, 1994]. At time scales much longer than tidal, it is generally assumed

MEYERS ET AL.

HYSTERESIS IN TAMPA BAY

2905

Journal of Geophysical Research: Oceans

10.1002/2014JC010342

implicitly that estuaries are in a quasi-steady state where (1)–(5) apply because Aeff is taken to adjust quickly
to changes in freshwater input. However, the time scale of estuarine adjustment to changes in freshwater is
estimated to be
1
Tadj  L=UR
6

(7)

where L is the length of the estuary [Kranenburg, 1986; MacCready, 2007]. For large estuaries or those with
low freshwater input, the adjustment time scale could be comparable to the freshwater time scales. The
seasonal time scale is the focus here. Studies of estuarine response at seasonal scales have been few due to
the expense of long-term observations. Chetumal Bay in southern Yucatan was found to have three distinct
salinity patterns during 2006 with different means and spatial gradients corresponding to different meteorological conditions [Carrillo et al., 2009]. Stephens and Imberger [1996] examined salinity proﬁles in the Swan
River, Australia over 13 months and found a seasonal stratiﬁcation forming in response to the winter wet
season. As the summer dry season began, the salinity went through a ‘‘recovery cycle’’ that lasted several
weeks until conditions associated with the dry season fully developed. The Nordfjord in Norway was shown
to display hysteresis in the mean monthly relation between sx and sz based on the years 1932–1966 [Stigebrandt, 1981], which was brieﬂy explained as a result of the several-week ‘‘time constant’’ of the system.
The study described here utilizes observations from Tampa Bay (TB) to examine the mean annual cycle of
estuarine adjustment to changes in freshwater inﬂow. TB is a coastal plain estuary with a length of L5
53 km, a width about 15 km, a nominal mean depth 3.5 m, and a typical Q of 100 m3 s21. Its adjustment
time scale is therefore 50 days, comparable to the time scale of the seasonal variations in Q. This interaction between changes in environmental parameters and adjustment time scale is shown to result in a
strong exchange ﬂow that persists for months after the high Q of the rainy season has ended.
TB is one of the few estuaries where there is ongoing long-term monitoring of water quality variables. Starting in 1975, the Environmental Protection Commission of Hillsborough County (EPCHC) has conducted
monthly surveys at several dozen ﬁxed locations throughout the bay, allowing the construction of accurate
long-term mean salinity ﬁelds in spite of the strong temporal variability [Schmidt and Luther, 2002]. The
trade-off for the long-term effort is sparseness. Of most relevance here is limited sampling vertically (top,
middepth, and bottom only) and temporally (monthly). This particularly limits information regarding the
vertical density proﬁle.
The axial salinity gradient calculated from ECPHC data is compared to the time-averaged vertical shear at
the Sunshine Skyway Bridge (Figure 1) measured by an Acoustic Doppler Current Proﬁler (ADCP) as a component of the National Oceanic and Atmospheric Administration Physical Oceanographic Real-Time System
R ) that began in 1990 [Meyers and Luther, 2014]. Using the shear as a measure of the exchange circu(PORTSV
lation helps ﬁlter out the weakly sheared riverine component (second term in (3)) and isolate the relatively
strongly sheared exchange. Differentiating between the contributions of ug and usips to the subtidal ﬂow is
not a goal of this study. It sufﬁces that they are both linearly related to bx . Monthly mean values are used to
examine the response of TB to changes in the buoyancy ﬁeld which is shown to be almost entirely driven
by salinity. The following section discusses the river discharge, salinity, and ADCP data and the ﬁltering
used to isolate the mean annual signal. Section 3 presents the results of the analysis, showing a nonlinear
time-dependent relation between sx and ue and between Ri and Si. This is followed by a discussion section
where the conclusions drawn from estimating Aeff using Ri over the annual cycle are highlighted.

2. Data and Methods
2.1. Salinity and Temperature
The Environmental Protection Commission of Hillsborough County (EPCHC), Florida, has collected monthly
water quality data from dozens of locations within Tampa Bay (Figure 1) and the surrounding water shed
since 1972 [Rutherford et al., 1995]. Conductivity and temperature are measured in situ using a Hydrolab
Quanta sonde. Conductivity is then converted into salinity. Most sites have measurements at the surface,
middle, and near bottom, taken irregularly within each month and randomly relative to the tidal cycle. The
data are of the form S(i,k,tmn) where i is the location index, k is the depth index, m is the month, and n is the
year. The lack of regularity in the day of measurement is insigniﬁcant to this analysis as only long-term
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Figure 1. (left) The water depth relative to mean sea level in Tampa Bay is shown by color. The EPCHC sites are indicated with ‘‘plus,’’ and sites included in regions 1 and 2 (see text) are
outlined. The ADCP location is designated with the white circle. Freshwater sources containing the top total 50% of the freshwater are indicated with blue triangles. The next 25% are
indicated with blue circles and the remaining with blue squares. The insert shows the location of Tampa Bay on the Florida coast. (right) Major morphologial features of Tampa Bay.

climatological means are considered. Units of salinity are originally reported in units of ppt but are reported
here as Practical Salinity Units (psu), a unitless measure based on a ratio of conductivities [Lewis, 1980].
In order to calculate the axial salinity gradient, two regions of 5–6 sample sites (Table 1) are deﬁned, one
near the mouth of the bay and one toward the head of the bay (Figure 1). Region 2 in Lower Tampa Bay
(LTB) is selected to represent the salinity at the mouth and has relatively high salinity due to the continual
mixing with Gulf of Mexico water [Weisberg and Zheng, 2006] as also seen in ocean color satellite images
[Hu et al., 2004]. Region 1 in Middle Tampa Bay (MTB) is selected because it is sufﬁciently far from region 2
and is strongly inﬂuenced by the freshwater ﬂowing into the bay to the north. Additionally, the two lobes
north of region 1, Old Tampa Bay (OTB) to the west and Hillsborough Bay (HB) to the east have very different mean freshwater discharge (Figure 1), and thus very different temporal response. Choosing one or the
other as region 1 would be a source of bias for the results. The selected region 1 blends the freshwater
from the two northern regions and so offers a better estimate of the mean salinity in TB.
The raw salinities from the sites in regions 1 and 2 show little vertical stratiﬁcation and little variation
between stations (Figure 2). Typical variations in the raw data within each region at any particular time are
1 psu with peak differences around 5 psu. This compares to a range of about 20 psu over the time of the
measurements. There is little difference between stations, so grouping them by region yields reduced
uncertainty in their mean values.
To isolate the annual signal, the salinity measurements are binned and averaged for each calendar month at
P l P3
all sites within the two regions, forming two monthly time series Sl ðtmn Þ5ð3Nl Þ21 Nil 51
k51 Sði; k; tmn Þ, where
il is the index of the sites in each region l(5 1,2) and Nl is the number of sites in that region. The mean monthly
P
climatology of these time series Slc ðmÞ5N21 Nn51 Sl ðtmn Þ, where N is the number of years, is computed and
the difference between climatologies Dx Sc ðmÞ5 S1c ðmÞ2S2c ðmÞ is the climatological salinity difference. The
binning provides about 200 sample points per month in each region. The climatological axial salinity gradient
is then Scx ðmÞ5Dx Sc ðmÞ=d, where d 5 32.3 km is the distance between the centers of the two regions.
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Table 1. EPCHC Stations (Figure 1)a
Region
1
1
1
1
1
1
2
2
2
2
2

Station

Lat

Lon

h (m)

S (psu)

rS

T ð CÞ

rT

11
13
14
32
33
81
92
93
94
95
96
91

27.8128
27.8117
27.7781
27.7930
27.8262
27.7813
27.5735
27.5790
27.6101
27.6113
27.6377
27.6279

282.4790
282.5234
282.5199
282.5704
282.5676
282.4739
282.6872
282.7438
282.7829
282.6950
282.6913
282.6415

2.2
4.2
7.9
7.0
8.8
5.5
5.7
6.0
10.2
8.9
2.3
9.8

20.6
21.2
21.5
21.2
20.9
21.2
24.8
25.4
25.5
24.9
24.2
24.3

9.4
9.7
9.9
9.7
9.5
9.7
12.0
12.3
12.5
12.1
11.6
11.7

16.3
16.7
16.9
16.7
16.9
16.8
17.1
17.1
17.1
17.1
17.0
17.3

11.3
11.2
10.9
11.1
11.2
11.3
10.7
10.7
10.6
10.9
11.5
10.8

a
 mean measured
Shown are, if they are in region 1 or 2, EPCHC number, their position (Lon, Lat), depth relative to mean sea level ðhÞ,
 and temperature ðT Þ for all depths, and the standard deviations of these measurements (rS , rT ).
salinity ðSÞ

The surface salinity at station 91 (adjacent to the ADCP) is generally about the same as that at the bottom
with a nominal range 28–37 psu (Figure 3). The surface salinity contains dips in value to as low as 21.5 psu
on a roughly annual basis. Typical vertical differences Dz Sðtmn Þ5Sbottom
ðtmn Þ2Ssurface
ðtmn Þ 1 psu. Seasonal
91
91
changes typically increase the vertical difference to 2–3 psu but reach as high as 10 psu during the time
period of interest. The time series Dz Sðtmn Þ is binned monthly and averaged to form the climatological vertical density gradient Scz ðmÞ5Dz SðmÞ=h91 where h91 5 10 m is the mean water depth at this station (Table 1).
There are 13 points for each monthly average.
The raw temperature data (Figure 2) also show little variation within each region at any given time but its
temporal behavior is different from the salinity. The seasonal cycle dominates, having a range of 15 C,
with interannual variations in temperature minimums 5 C and variations in maximum temperature 1 C.
The climatological analysis of temperature is identical to that of salinity, yielding the monthly climatological
regional temperatures T1c ðmÞ; T2c ðmÞ, and their gradient Tcx ðmÞ.
2.2. ADCP Data
The ADCP instrument (#t01010) is a RDI 1200 kHz Workhorse deployed at the bottom of the shipping channel (Figure 1) in about 20 m of water. It measures velocity in 18 vertically stacked bins, each 1 m apart, every
6 min. The ﬁrst bin is centered
about 1.5 m off the bottom.
The data used here start in
February 1999 and end in January 2011, and are obtained
from NOAA Currents Measurements Interface for the Study
of Tides (CMIST). For consistency, all other data are examined only during this same
time period.

Figure 2. Raw salinities and temperatures from the sampling sites located in regions 1 and 2 for
the time period of this study. Surface values (blue), middepth (green), and bottom values (red).
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this analysis as it best represents the theoretical axial currents described above. The
echo amplitude of the ADCP
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data is large in some of the
upper bins due to reﬂections
off the surface which manifests
as random noise in vk ðtÞ (Figure 4). This results in an intermittent total loss of signal in
the upper two bins, which are
therefore excluded from the
analysis. The next few vertical
bins show some evidence of
contamination as well, but
these are retained as their signal to noise ratio is reasonable
for the purposes of this study.
Below these levels, the instantaneous velocity is comprised
mostly of tidal currents that are
highly correlated throughout
the water column but with
decreasing amplitude toward
the bottom.
The annual cycle of the subtidal circulation is characterized
in two ways. The ﬁrst is by calculating the monthly climatological averages of vk ðtÞ for each month m at each vertical bin k,
P km
vkc ðmÞ5Nkm 21 Ni51
vk ðti Þ, where Nkm is the number of measurements in bin k for month m for all years. This
method yields about 90,000 data points per bin per month. The second facilitates comparison to the other
scalar variables by reducing the matrix vkc ðmÞ to a single monthly scalar, the vertical shear. The bins used to
P v
deﬁne the shear are selected by examining the time-mean velocity vk 5Nv 21 Ni51
vk ðti Þ. This quantity is
negative (seaward) in the upper four bins with a subsurface peak value of about 27.0 cm s21 (Figure 5) and
positive at all lower bins where the peak inﬂow is around 4.5 cm s21 at 5–6 m off the bottom. This is similar
to the theoretical proﬁle described above, but the theoretical surface outﬂow (3) does not decrease near
the surface. Random noise due to surface reﬂections in the upper bins may explain the decrease in mean
axial velocity in those bins. Bins 14 and 4 are selected to represent the outﬂow and inﬂow, respectively. The


difference v4;c ðmÞ2v14;c ðmÞ =Dz5 rðmÞ is the vertical shear, where Dz510 m is the distance between the
bins. The mean transverse component is relatively small, with absolute values <1 cm s21, so is not examined further.
Figure 3. Salinity at EPCHC station 91 adjacent to the ADCP. (a) Monthly values of surface
(blue) and bottom (red); (b) difference between surface and bottom.

2.3. Freshwater Input
The 36 primary point sources of freshwater in TB (Figure 1), originally developed for use in a numerical
model of the estuarine circulation [Meyers et al., 2007], are used to represent the freshwater discharge.
These sources are comprised of streamﬂow from U.S. Geological Survey (USGS) gauged and partially
gauged drainage basins. Gaps in the latter are interpolated from the former as needed. Also included are
the Howard Curren Wastewater Treatment Plant and the Tampa Bypass Canal. Three sources in the northeastern quadrant account for about 50% of the point-source freshwater input. The next 25% are concentrated in the southeast of the bay, and the remaining 25% are largely around the shoreline of OTB.
These irregularly spaced freshwater sources bring an additional complexity to the circulation that is
poorly understood. However, the overall distribution is still similar to the theoretical one, with freshwater
sources positioned toward the head with the ocean at a single mouth. As with the other variables, the
daily freshwater discharge for the years 1999–2011 is binned monthly and the average values Qc ðmÞ are
calculated.
Precipitation is taken from 22 sites around the bay operated by the Southwest Florida Water Management
District. Daily averages are calculated for sites that had complete records for 1 January 1999 to 31 December 2011 and then binned monthly and averaged to form precipitation monthly climatology pc ðmÞ. The
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Figure 4. Thirty days of instantaneous ADCP axial velocities for the available bins. Units are m s21. Bins are spaced 1 m apart. The center of the ﬁrst bin is approximately 2 m off the
bottom.
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total precipitation entering TB is the rate
of rainfall times the area of the bay
(a59:33108 m2) or Pc ðmÞ5apc ðmÞ.

3. Results
The two variables that are the primary
control for water density in estuaries are
salinity and temperature. The monthly climatological values of these quantities in
the two regions (Figure 1) and their difference are calculated. The density gradient
is found to be almost entirely determined
by the salinity gradient.
3.1. Salinity and Temperature
Region 1 has lower mean salinity (26.9
psu) than region 2 (33.5 psu). The highest
values in both regions are found in June
and the lowest in September, though the
uncertainty in this minimum as measured
by the standard error indicates October to
be equally low (Figure 6). The min-to-max
range of the monthly climatology in
region 1 is about 4.5 psu, whereas the
range in region 2 is about 3 psu. These
ranges are large compared to the standard errors, which are typically of the order
of 0.1 psu, indicating the monthly variations are statistically signiﬁcant.
The difference between these climatologies, Dx Sc , is nominally 26.5 psu, with the
largest difference being 27.7 psu occurring in September and October. Standard
Figure 5. The axial and transverse mean speeds from the ADCP.
errors (the sum of the errors of both time
series for each month), indicate the Dx Sc values during these 2 months, are indistinguishable. A secondary
extrema of 26 psu is found in May. The minimal difference occurs in December.
Temperature has a strong seasonal cycle (peak to peak change of 15 C) but a relatively weak spatial gradient, Dx Tc , with a nominal value 1 C (Figure 6). The impact of the salinity and temperature gradients on
density can be estimated using a linear equation of state for the density q5aq ðT2T0 Þ1bq ðS2S0 Þ1q0 ,
where q0 ; T0 , and S0 are the reference density, temperature, and salinity, respectively, and aq 5 0.15 kg m23
C21 and bq 5 0.78 kg m23 psu21. (The subscript is used to distinguish these variables from similarly named
variables elsewhere in this article.) Using this equation and nominal values of Dx Tc and Dx Sc , it is determined that the temperature component of the density change is 3% of that due to salinity. Therefore, salinity is treated as a proxy for density throughout the rest of the study.
3.2. Freshwater and Stratification
The monthly mean Pc ðmÞ and Qc ðmÞ are minimum in May, which is the regional dry season [Morrison et al.,
2006], with values around 15 m3 s21 (Figure 7a). One month later, Pc ðmÞ increases to 60 m3 s21 where it
remains through September. The Qc ðmÞ increases over this time period until its October peak of about
130 m3 s21. This is followed by a rapid decline to a nominal Pc ðmÞ of 25 m3 s21 and Qc ðmÞ of 50 m3 s21,
which continues through the winter months. The precipitation Pc ðmÞ contributes about 50% of the total
freshwater input, but it is, on average, evenly distributed over the estuary and therefore does not contribute
to the axial density gradient. Its seasonal behavior is also similar to that of Qc ðmÞ so using Pc ðmÞ1Qc ðmÞ as
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total freshwater input does not
change the conclusions (not
shown). Regardless, the fate of
freshwater in TB is not the subject of the study herein, only
the ﬁnal salinity gradients are
relevant whether they are generated by point-source discharge alone or in combination
with precipitation.
The vertical stratiﬁcation Scz ðmÞ
varies in response to freshwater
discharge (Figure 7b). During
the ﬁrst 5 months of the year,
stratiﬁcation is low, with values
0.015–0.025 psu m21, coinciding with low values of Qc ðmÞ. In
June, as freshwater input
increases, stratiﬁcation increases
until it peaks in September at
0.17 psu m21. The value of this
peak has a large uncertainty
and is not distinguishable from
the previous or following
month. The relatively large
uncertainty occurs because
September river discharge has
Figure 6. The monthly mean salinities in regions 1 and 2 (S1c and S2c ). Monthly mean salinlarge variability. The mean varity difference (DSc ). Monthly mean temperature in regions 1 and 2 (T1c and T2c ). Monthly
mean salinity difference (DTc ).
iance of synoptic weather over
TB in September has values
similar to the rest of the year [Wilson et al., 2014], so is unlikely to be the source of variability in September
Scz ðmÞ. However, Qc ðmÞ also has relatively large uncertainty (standard deviation) in September—more
than 3X the typical value in the rest of the year. During October–December, Scz ðmÞ declines from its maximum but remains above 0.08 psu m21 even though Qc ðmÞ has returned to its nominal value. It is important to keep in mind that these estimates of stratiﬁcation are based only on the difference between top
and bottom salinities. It is possible that the gradient is not uniform in space and that a pycnocline exists
somewhere in the water column. The persistence of this relatively high stratiﬁcation has consequences
for the exchange circulation, insulating it from the effects of tidally driven vertical mixing as now
described.
Vertical stratiﬁcation may be responding to Pc ðmÞ. The Scz ðmÞ increases rapidly from May to June, the same
time Pc ðmÞ increases to its maximum (about 70 m3s21 over the entire estuary or 6 mm d21 at any location)
and Qc ðmÞ also begins to rise. The high Pc ðmÞ continues for three additional months. Assuming an initial
salinity of 30 psu, this rate of precipitation, when mixed uniformly, could decrease the salinity of the 10 m
water column by 20.6 psu in 1 month. The nominal precipitation in October–December when Scz ðmÞ persists is 25 m3 s21 and impacts the stratiﬁcation proportionally, about 20.2 psu per month. This simple treatment ignores the inﬂuence of advection and vertical mixing. These could be determined with a numerical
model, but are difﬁcult to accurately estimate with these data. Keeping this issue in mind, we proceed with
the analysis.
3.3. The Subtidal Circulation
The monthly climatology of the axial current proﬁle vkc ðmÞ is characterized by a two-layer ﬂow (Figure 8),
with outﬂow at the surface and inﬂow more broadly distributed below—in accord with (3). The depth of
transition between these layers is steady, maintaining at 13–14 m off the bottom for all months. For most of
the year, peak outﬂow is between 21 and 27 cm s21. In autumn, the peak outﬂow increases to 220 cm
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s21. Two months after the
peak outﬂow, when Scx ðmÞ has
returned to its minimum, the
maximum outﬂow has only
decreased by 25% to 215 cm
s21. Commensurate with the
increased outﬂow is an
increased inﬂow from 4 to
7 cm s21 at 4–6 m off the bottom, followed by a slow
decrease through the end of
the year.
The shear rc ðmÞ also has significant seasonal variations (Figure 7d). From January through
July, monthly values are 0.005–
0.012 s21. However, at the
beginning of August, the shear
begins to rise until it peaks in
October at 0.027 s21. This
Autumnal peak in shear coincides with the strongest axial
salinity gradient. However, the
December minimum of jScx j is
not coincident with the minimum of rc ðmÞ; while the shear
Figure 7. Spline functions (red) ﬁt to monthly climatologies (black) of river discharge, precipitation (dark red), salinity gradient, and vertical shear. Standard errors are indicated. The
is decreasing in December it
spline is extended to satisfy annual periodicity.
remains well above its winter
value. Therefore, the relation between Scx ðmÞ and rc ðmÞ is not linear over the year as suggested by a simple
(constant Aeff ) understanding of (4). This is more readily seen by plotting the dynamical variables in relation
to one another.

Figure 8. Monthly climatology of ADCP axial current speed. Units are cm s21. The
time axis has been extended to make the contour periodic in time. The 215 and
220 cm s21 contours are in white and the zero contour is heavy.
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Fitting tight spline functions to the
monthly climatologies (Figure 7)
allows for a smooth representation of
the interdependence of all climatological variables. A loop in state space
then emerges (Figure 9a). Standard
errors indicate the loop is statistically
signiﬁcant. Three groupings of points
apparently representing different
dynamic regimes are found. Regime I,
from winter through early summer
(January–June), has values clustered
in a relatively small region of the state
space. During this time, Qc ðmÞ is near
its nominal value of 50 m3 s21, rc is
conﬁned to 0.4–1.1 3 1022 s21, and
Scx maintains low to midrange values.
Regime II (July–September) is characterized by rapidly rising values for all
three variables and Qc ðmÞ achieving
it maximum. This 3 month time
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period shows a near-linear relation between Scx ðmÞ and rc ðmÞ. Fitting a linear function to these three points
yields rc  ð20:53 km psu21 s21 ÞScx 20:1 s21 . Regime III begins in October during which Qc ðmÞ declines
to its nominal value where it remains for several more months. The Scx ðmÞ achieves its minimal value 20.17
psu km21 in December. Again, there is a near-linear relation between Scx ðmÞ and rc ðmÞ but now with
rc  ð20:11 km psu21 s21 ÞScx 19:031024 s21 . If the change in slope between regimes II and III is taken as
reﬂecting a change in effective eddy viscosity (4) then AIIeff ﬃ 5AIIIeff , an indicator that there has been a signiﬁcant change in vertical mixing between regimes. Note that many points during regimes I and II are very
close, particularly March–August. If there are separate regimes then a different parameter space might
make this clearer. In order to better select this alternate parameter space, a hypothesis explaining the hysteresis is ﬁrst proposed.
At the end of I, there is little vertical
stratiﬁcation, isotropic turbulence, and
weak exchange circulation. Stratiﬁcation is then built during II when freshwater input is high, decreasing
effectiveness of tidal mixing through
increased Scz and allowing the rapid
increase of rc . When III begins, both
Scz and rc are high but turbulence
from the tidal circulation slowly
degrades these gradients. While the
stratiﬁcation remains, low Aeff persists
and the relatively weak Scx continues
to drive the exchange circulation until
it collapses in January.

Figure 9. Splined monthly climatologies indicated by circles. (a) Vertical shear versus axial salinity gradient. Standard errors for each month are shown. The three
dynamical regimes discussed in the text are indicated; (b) vertical shear versus
Richardson number; (c) Richardson number versus Simpson number. All colored
by river discharge interpolated to times of splines. Reference months are given
along with arrows to indicate direction of travel in time.
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In support of this hypothesis, the

1=2
Richardson number Ri5 gbS21
0 Scz
22
ðuTz Þ is calculated, where S0 is taken
as the mean bottom salinity during
each month. The vertical tidal shear is
determined from the mean maximum
spring axial tidal currents obtained
from the instantaneous ADCP data
(Figure 10). Mean spring proﬁles are
derived by determining the time of
maximum inﬂow and outﬂow during
sequential 2 week windows and averaging the current speeds. This is done
separately for each bin. A similar process is done for neap tides, which are
identiﬁed as the smallest peak 6–
8 days following each identiﬁed
spring peak. The tidal shear has a
maximum between bins 12 and 14 of
uTz  0.17 s21. The same shear is
obtained by examining the bottom
boundary layer. Taking the velocity
difference at bin 4 and at the bottom
(presumed to be zero) the mean
shear is again found to be 0.17 s21.
Using this value for uTz , the rc is plotted against the climatological Richardson number (Figure 9b). The three
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regimes previously identiﬁed are
now distinct. Regime I is concentrated around the critical value
Ri  0:25,
indicating
relatively
strong vertical mixing and larger
Aeff . The months June–August are
now separate from regime I and are
found to occur in regime II during
which Ri increases from 0.7 to 1.7
indicating a much lower Aeff . During
regime III, the weakly decreasing
shear occurs over a narrow range of
Richardson number, consistent with
the relatively steady Scz in Figure 7.
Values of Ri during III remain around
0.8–0.9.
The Simpson number Si (6) is computed to establish the importance
of Scx to the formation of Scz . Values
used to estimate this number are
again taken from splined observations and the tidal value described above. Like the tidal shear, the tidal current speed in (6) is considered ﬁxed for this analysis because of the long averaging period (monthly) relative to the diurnal and
spring-neap cycles. Focusing on the location around the ADCP, H520 m, UT 51:1 m s21 (Figure 10), and
bx 5gbsx as in section 2.1. The range in Si is limited to about 0.18–0.24, with maximum values at, and
just following, the freshwater peak (Figure 9c). Simpson numbers in this range indicate both ug and
usips contribute to ue , with the former being somewhat stronger in the wet season. A reasonable alternate value for H is 4 m, roughly the mean depth of the estuary, which would diminish Si by a factor of
25 and would and neither ug nor usips are relevant to the exchange dynamics. The projection into Ri versus Si space (Figure 9c) shows TB again progressing through a path in time that is comprised of
regimes I–III. Regime I forms the ‘‘base’’ of the path; regime II is a diagonal line associated with increasing Qc ; and regime III is essentially a straight line of ﬁxed Ri with diminishing Si. The path traced by
these variables is a double loop.
Figure 10. Average maximum ﬂood and ebb axial current speed for spring and neap
tides in each bin based on data from ADCP. Standard errors are indicated. Circles
denote depth of salinity measurements at ECPHC station 91 (Figure 1). Straight line
segments (green) indicate two equal choices for deﬁning the tidal shear uTz .

One loop (July–November) occurs during the peak freshwater discharge while the other (December–June)
is relatively dry. The dry time period encompasses regime I deﬁned above and parts of II and III as well. The
transition from dry to wet occurs around July and the reverse transition occurs around November. The dry
loop generally has lower Si and lower Ri than the wet, consistent with the notion that higher freshwater
produces both horizontal and vertical salinity gradients. However, April and May in the dry loop have moderate Si values, roughly equivalent to the values in the transition region, but with low Ri.
The path in Figure 9c is consistent with the understanding developed above: nominal freshwater discharge
early in the year produces weak horizontal and vertical salinity gradients, with some increase in Si values
over the ﬁrst few months. This increase in Si is not sufﬁcient to overcome tidal mixing and the Ri remains
low. Alternatively, it may also be that increased variance of the winds in the synoptic band [Wilson et al.,
2014] may be inhibiting the formation of Dz S. July starts the season of heavy freshwater discharge and Si
and Ri increase accordingly through regime II. After the collapse of Qc in October, Ri remains near constant
while Si decreases but only by about 20%. Across all regimes, Si remains around 0.2, indicating that the axial
gradient plays an important role in the generation of the exchange circulation, though the averaging process makes it difﬁcult to distinguish between ug and usips .
So far, the surface wind stress is unexamined in this analysis. The monthly mean surface winds (Table 2)
peak in October at just under 3 m s21 and are directed seaward. During this month, the ratio of windgenerated subtidal ﬂow to buoyancy-driven ﬂow Uw Ug21 is 0.22. All other months have a lower ratio, indicating the wind forcing is nonnegligible but clearly not dominant. This simple linear estimate is consistent
with a full nonlinear, three-dimensional circulation model of Tampa Bay over the last few months of 2001

MEYERS ET AL.

HYSTERESIS IN TAMPA BAY

2915

Journal of Geophysical Research: Oceans

10.1002/2014JC010342

Table 2. Monthly Mean Winds Based on 1999–2011 Observations From Tampa Baya

Uwind (m/s)
Vwind (m/s)
Spd (m/s)
Dir ( T)
jUw Ug21 j

January

February

March

April

May

June

July

August

September

October

November

December

20.2
21.1
1.1
11
0.04

20.3
20.7
0.8
24
0.02

0.2
20.1
0.2
299
<0.01

0.6
20.2
0.6
288
0.01

20.1
20.1
0.1
43
<0.01

20.5
1.0
1.2
151
0.05

20.2
0.9
0.9
167
0.02

20.5
0.7
0.8
144
0.02

21.5
20.4
1.5
76
0.06

22.1
22
2.9
46
0.22

21.6
21.9
2.5
41
0.19

21.2
21.7
2.1
35
0.16

a
The east-west component Uwind , north-south component Vwind , Spd 5 ðUwind 2 1Vwind 2 Þ1=2 , and direction in degrees from True North.
Bottom row is ratio of mean wind-driven current to buoyancy driven (see text for details).

by Weisberg and Zheng [2006]. They simulated the subtidal current proﬁle at the location of the ADCP, both
with and without winds, and found that when the winds are removed, the subtidal current maximum
decreased by about 20%. This does not completely exclude winds as an inﬂuence on the dynamics discussed but it does imply winds are likely to have a secondary effect on the exchange ﬂow. However, in any
given year, the importance of the winds could be much higher.

4. Discussion
River discharge is known to be a primary driver of estuarine subtidal (‘‘exchange’’) circulation, along with
tidal forcing and surface wind stress [Burchard, 2009]. Monthly climatological values of freshwater discharge,
salinity, and velocity in an estuary have been computed from 13 years of observations. All three variables
examined display statistically signiﬁcant variations associated with the annual cycle. The monthly climatological Qc ðmÞ varies by a factor 8 from minimum to maximum (Figure 7). This drives a response in both
Scx ðmÞ and rc ðmÞ, with the former varying by a factor of 30% and the latter varying by a factor of 5. While
all variables examined have their most extreme values in late summer to early autumn, the maxima do not
occur in the same month, nor do Scx ðmÞ and rc ðmÞ exhibit consistent rates of changes under similar values
of Qc ðmÞ or in relation to each other. In particular, Scx ðmÞ and rc ðmÞ exhibit a nonlinear relation over m
with hysteresis (Figure 9aÞ.
The hysteresis path in parameter space of rc ðmÞ versus Scx ðmÞ is composed of three regimes (Figure 9a).
The ﬁrst (January–May) is a dry, relatively unstratiﬁed time period. The second (June–September) is strongly
forced with rapidly increasing freshwater discharge and rapidly increasing exchange circulation. During the
third regime (October–December), freshwater input is greatly reduced but stratiﬁcation and the exchange
circulation persist until January. These dynamics are more clearly seen in the dimensionless Richardson and
Simpson numbers. The Ri in particular suggests that during regimes II and III, the stratiﬁcation is suppressing
vertical turbulence and decreasing the Aeff term in (4), and a much larger Aeff during regime I. The Si provides less temporal information given its narrow range, but indicates a strong role of the horizontal salinity
gradient in the generation of the exchange ﬂow throughout the year.
A hypothesis is presented where changes in effective eddy viscosity as represented by Ri give rise to the
nonlinear paths through parameters space in Figure 9. The data available are not sufﬁcient for a direct calculation of Aeff . Surprisingly, no high-resolution systematic salinity proﬁles have been taken in TB, even
R ) and has
though it is the original site for the NOAA Physical Oceanographic and Real-Time System (PORTSV
often served as the location for the development of instrumentation for oceanographic monitoring. Most
estuaries lack observational data sufﬁcient to estimate Aeff so a variety of functional representations based
on Ri have been developed [e.g., Pacanowski and Philander, 1981]. A comparison of some of these schemes
in a one-dimensional estuarine model [Nunes Vaz and Simpson, 1994] showed the estimated diffusivity
most consistent with that produced by the turbulence-closure scheme of Mellor and Yamada [1982] was
given by
Aest 5A1 ð115RiÞ22 1A0

(8)

where A1 51022 m2 s21 and A0 51024 m2 s21. Using the monthly Ri calculated above yields an Aest that varies
by a factor of about 6–10 over the mean annual cycle (Figure 11a). The largest values occur in January–May,
nominally 2:531023 m2 s21. The Aest then drops by a factor of 5 or more to summer and autumn values in the
range ð0:120:5Þ31023 m2 s21. Regime I is clearly identiﬁed as containing the largest values of Aest . As regime
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Figure 11. (a) Estimated vertical eddy viscosity (Aest ) from (8) based on the monthly mean
climatologies (diamonds). Both the absolute values and values relative to the maximum are
indicated. The three dynamical regimes identiﬁed in Figure 9 are denoted; (b) estimated
mean buoyancy-driven circulation (3) using Aest and parameter values from Figure 7.
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II begins Aest decreases rapidly.
The estimated viscosity continues decreasing during II by
another factor of 2 as freshwater
discharge rapidly increases during this time period. At the
beginning of regime III, the Aest
roughly doubles and remains
relatively steady until III ends.
Then Aest increases by about a
factor of 4 from the end of III to
the start of I. These results serve
as a ﬁrst-order validation of our
hypothesis that reduced vertical
transport of momentum allows
the exchange circulation to persist months after the decrease
of freshwater input. Note that
the similar values of Aest during
II and III contradict the conclusion in section 3.3 that, based
on (4) and Figure 9a, AIIeff  5
AIIIeff . This is probably because
the steady state result (4) is better applied to slowly changing
ﬂow, not to strongly forced
regimes like II.

The Aest can be combined with
Scx , Qc , (3) and (4) to create an estimated exchange circulation based on the ug term (Figure 11b). There are
qualitative similarities with the observed ﬂow in Figure 8, such as the vertical shear with an autumn peak and
the depth of zero ﬂow being a steady 11 m. Also like observations, outﬂow is consistently above the zero line
with a peak at 220 cm s21 in September. The inﬂow varies from 1 to 13 cm s21. An important difference is the
timing of the maximum exchange current. The estimated peak maximum occurs in September, not October as
observed. This shift is most likely due to the steady state nature of (8) in comparison to the time-evolving
observations. If the adjustment time of TB is 50 days (7) then application of the steady state solutions to
monthly changes can have a phase error. The estimated circulation peaks in September because Ri based on
observations peaks in September (Figure 9) producing a minimum of Aest in September not October.

The absolute value of the estimated peak inﬂow is about 50% larger than observed. Errors in the estimated
values are partly due to the sensitivity of (4) to the depth H. For this computation, H510 m is used, which is
the depth of the salinity station from which Ri is calculated. This compares to a value of H520 m in the narrow shipping channel where the ADCP is located, and to H53:5 m, the mean depth of the estuary. Using
either of these values increases or decreases the solution by almost an order of magnitude, respectively.
Another difference between estimated and observed exchange circulation is that the observed secondary
peak in May does not occur in the estimated circulation, but a weak estimated secondary peak is found in
March. Both wind and precipitation are weak during this time. It is therefore speculated that these differences may reﬂect changing values of the relative friction in TB that can change the orientation of the shear
from vertical to horizontal [Valle-Levinson et al., 2003]. This would be difﬁcult to observe in the ADCP which
provides the vertical shear uz , not the transverse shear uy . A 3 year numerical simulation of the circulation in
TB showed that such a transverse shear can occur during prolonged periods of low freshwater input [Meyers
et al., 2013]. High frequency observations over a 12 h period on 24 February 2009 in northern TB also
showed subtidal transverse shear [Arnott et al., 2012].
As already mentioned, an important feature of TB that allows the formation of the nonlinear cycle is the
interplay between the estuarine response time and the time scales of forcing. In TB, the adjustment time (7)
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of 50 days is comparable or greater than seasonal changes in freshwater sources. The drop in Qc at the end
of II occurs in 1 month. Regime III can therefore be seen as the adjustment to this change, but the reason
for the sudden transition from III back to I is unclear. It could be due to an effect of winds or precipitation.
Again, higher temporal resolution could help address this issue. Many estuaries are subject to buoyancy
forcing at seasonal time scales. If an estuary has a response time at a comparable or longer time scale, or
contains subregions where this condition holds, then similar time-delay phenomenon are likely to be found.
Most estuaries lack the long-term ﬁeld program present in TB, so high-resolution numerical circulation models might be used as an alternative.
The analysis here is limited by the data available and some issues require further study. For example, the
impact of mean wind stress on these dynamics is taken to be a secondary inﬂuence based on estimates of
the wind-driven circulation (Table 2) and previous numerical studies discussed above. The inﬂuence of seasonal synoptic (2–5 day period) wind has not been examined and may have a role in generation of turbulence and the formation and destruction of the vertical stratiﬁcation. A more detailed examination of the
role of mean winds can be conducted using numerical models of sufﬁciently high spatial resolution. These
simulations would also provide explicit representation of the eddy viscosity and its evolution over the
annual cycle.
The stability of the different regimes to perturbations of Qc would be an important topic. For example, an
unusually wet winter might prolong the existence of regime II or a dry year might inhibit the transition into
regime II. Evidence for this could be found by conducting similar studies of the annual cycle but with each
year examined individually. Such interannual changes in the transition between regimes also serve as models of future climate change.
Anthropocene changes to river systems [Meybeck, 2003] alter the volume and timing of freshwater being
delivered to estuaries [Jennerjahn and Mitchell, 2013]. For estuaries that have multiple dynamic states
(regimes), these changes have the potential to preferentially select one state over the other or perhaps
move them into a rarely obtained or new state. This could produce an abrupt change in the estuarine
exchange with the deeper ocean, and the exchange within the estuary, leading to a cascade of changes in
their residence (ﬂushing) time, salinity, chemistry and ecological function.
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